Introduction
In recent years we and others, have studied the signal transduction mechanisms by which nerve growth factor (NGF), mediates neuronal survival and dierentiation processes through its receptor, Trk (Kaplan and Miller, 1997) . Trk rapidly dimerizes upon ligand binding and becomes phosphorylated on several distinct tyrosine residues (Y490, Y670, Y674, Y675, and Y785 in human TrkA). This allows the speci®c recruitment and tyrosine phosphorylation of a number of intracellular Src homology-2 (SH2) domain-containing target proteins including SHC, phospholipase C-gl (PLC-gl), and SHP-1 (Kaplan and . These proteins in turn activate a series of intracellular signaling molecules in distinct pathways, including Gab-1 and PI 3-kinase, PI 3-kinase/Akt/p70S6K, and Grb2/mSOS/Ras/BRaf/ MEK/MAPK/p90rsk (Kaplan and Segal and Greenberg, 1996) . Other proteins, including sucassociated neurotrophic factor-induced tyrosine phosphorylated target (SNT), and Crk are also rapidly tyrosine phosphorylated in response to NGF binding to Trk (Rabin et al., 1993; Ribon and Saltiel, 1996; Teng et al., 1996) . Activation of these signaling molecules culminates in downstream events involved in the promotion and maintenance of neuronal survival and dierentiation. For example, overexpression, or expression of constitutively active forms of Ras, BRaf, MEK, and MAPK, Gab-1, and PI 3-kinase all result in NGF-independent process formation, while expression of dominant-inhibitory Ras, MEK, Crk, and PI 3-kinase inhibit NGF-dependent process formation (BarSagi and Feramisco, 1985; Fukuda et al., 1995; Holgado-Madruga et al., 1997; Jackson et al., 1996; Kobayashi et al., 1997; Noda et al., 1985; Szeberenyi et al., 1990; Teng et al., 1996; Wood et al., 1993; Xia et al., 1995) . Additionally, it has recently been shown that overexpression, or expression of constitutively active forms of PI 3-kinase or Akt, contributes to NGFindependent survival functions in sympathetic neurons (Crowder and Freeman, 1998) .
We and others have previously used the rat pheochromocytoma-derived (PC12) cell line (Greene and Tischler, 1976 ) and the PC12-derived cell line, PC12nnr5, to assess the signaling potentials of speci®c tyrosines in Trk (Baxter et al., 1995; Cunningham et al., 1997; Inagaki et al., 1995; Kouhara et al., 1997; Loeb et al., 1994; Obermeier et al., 1994 Obermeier et al., , 1993 Peng et al., 1995; Stephens et al., 1994) . PC12nnr5 cells lack detectable levels of TrkA, are non-responsive to NGF and have proved useful for assaying Trk mutants (Loeb et al., 1991) . These studies have identi®ed a number of key residues in Trk involved in initiating the major NGF signaling pathways. First, residues Y490 and Y785 are responsible for the direct association with, and tyrosine phosphorylation of SHC and PLC-gl respectively. Activation of either SHC or PLC-gl is sucient to mediate cellular survival and maintain neuronal dierentiation (Kouhara et al., 1997; Obermeier et al., 1994 Obermeier et al., , 1993 Stephens et al., 1994) . Second, residues Y670, Y674 and Y675, when mutated either independently or in combination, abolish the activation of PLC-gl and PI 3-kinase, and regulate Trk tyrosine kinase activity (Cunningham et al., 1997) . Third, deletion of a three amino acid stretch at residues 441 ± 443 (KFG), within the juxtamembrane region of TrkA abolishes tyrosine phosphorylation of SNT, and prevents cellular hypertrophy, initiation of neurite outgrowth, and cessation of cell proliferation in response to NGF (Peng et al., 1995) . Finally, the Y490 site has been shown to be essential for mediating the activation of PI 3-kinase in vitro and for the production of PI-3,4-P 2 and PI-3,4,5-P 3 in vivo (Baxter et al., 1995; this report) .
In recent years a number of reports have shown that PI 3-kinase and a major substrate of PI 3-kinase activity, Akt, regulates the survival of several cell types, including primary neurons, ®broblasts, and myeloid progenitor cells (Crowder and Freeman, 1998; Franke et al., 1997a) . In PC12 cells, NGF rapidly activates PI 3-kinase leading to the production of the second messengers, PI-3,4-P 2 and PI-3,4,5-P 3 (Carter and Downes, 1992; Solto et al., 1992 ; this report). PI-3,4-P 2 has been shown to directly activate Akt in vivo (Franke et al., 1997b) . Furthermore, it has recently been shown that Akt is activated in response to NGF treatment of PC12 cells (Andjelkovic et al., 1998 ; this study). Importantly, however, various studies have reported dierent conclusions regarding the precise role of the PI 3-kinase pathway in mediating survival and/or neurite outgrowth processes. Yao and Cooper (1995) using the PI 3-kinase inhibitors, wortmannin and LY29002, and a PDGFb receptor mutant that fails to activate PI 3-kinase, showed that PI 3-kinase activation mediates neuronal survival, in a pathway distinct from that which mediates neurite outgrowth. However, Kimura and colleagues (Kimura et al., 1994) , showed that wortmannin inhibited NGF-dependent neurite elongation, but not cell survival. While Jackson et al. (1996) , also using wortmannin and transient constitutive expression of a dominantinhibitory p85 regulator PI 3-kinase subunit, demonstrated that NGF-induced neurite initiation was dependent upon PI 3-kinase activity. Finally, Kobayashi et al. (1997) , used an adenovirus-mediated Cre recombination system to express a constitutively active p110 PI 3-kinase catalytic subunit in PC12 cells, and found that this enzyme induced the initiation of incomplete and unstable processes. The variability in the results and conclusions obtained in these studies is most likely due to the use of several techniques and experimental paradigms, each with their own strengths and weaknesses: (1) Wortmannin, the selective PI 3-kinase inhibitor, inhibits all of the PI 3-kinase family members through a common mechanism (Wymann et al., 1996) and might have a variety of eects on cell physiology; (2) The dominant inhibitory p85 PI 3-kinase subunit may bind to several SH2 domain containing proteins, while activated p110 PI 3-kinase that induces high levels of PI 3-kinase activity in cells may stimulate the formation of PI 3-kinase metabolites that do not quantitatively or qualitatively replicate the levels of phosphoinositides produced with NGF treatment of cells; (3) The PDGFb receptor mutants used to study PI 3-kinase signaling are still competent in activating other signaling proteins such as c-Src, and this receptor is not normally expressed in PC12 cells; (4) The constitutive expression of PI 3-kinase mutants is toxic to PC12 cells.
To clarify the role of PI 3-kinase signaling in neurite outgrowth and survival of PC12 cells, and to avoid some of the experimental paradigms described above, we generated the Trk def addback receptor (Trk def +PI 3-kinase), a novel mutant Trk receptor that can selectively and inducibly activate PI 3-kinase. Trk def addback receptor can tolerate the addition of individual SH2 domain binding motifs without compromising intrinsic kinase activity. We show that although this receptor is extremely defective in its ability to activate any of the known NGF-induced signaling proteins, it successfully associates with, and selectively activates PI 3-kinase in vitro and in vivo. Furthermore, we show that while PI 3-kinase activation can contribute in part to neuronal outgrowth processes in response to NGF, it functions primarily to promote survival in the PC12 cell system.
Results
To assess the role of PI 3-kinase signaling in NGFinduced neuronal survival and dierentiation of PC12 cells, we initially constructed a triple mutant form of the human Trk receptor containing the KFG deletion at residues 441 ± 443 within the juxtamembrane region, shown previously to be important for NGF-induced SNT phosphorylation (Peng et al., 1995) . Tyrosine to phenylalanine point mutations were also made at the Y490 and Y785 sites, important for mediating SHC and PI 3-kinase activation, and PLC-gl activation respectively (Baxter et al., 1995; Stephens et al., 1994) . This triple mutant receptor was termed the Trk defective receptor, (Trk def ), shown in Figure 1 . Sitedirected mutagenesis was used to insert a PI 3-kinase consensus binding motif (YxxM, Escobedo et al., 1991) , YVPM, at residue L605 within the insert region of the kinase domain of Trk def , as described in Materials and methods. Importantly, this site was introduced within a speci®c sequence context and alignment consistent with the analogous site present in the PDGFb receptor (analogous to Y751 in PDGFb). This mutant receptor was termed the PI 3-kinase addback receptor (Trk def +PI 3-kinase) ( Figure  1 ). The Trk def and Trk def +PI 3-kinase mutant cDNAs were introduced into the pLNCX retroviral vector and used to stably transfect PC12nnr5 cells which express no detectable endogenous Trk and are non-responsive to NGF (Loeb et al., 1991 (Loeb and Greene, 1993; Peng et al., 1995) , and overexpresses Trk at about 3 ± 5-fold higher than PC12 cells. Quantifica-tion by densitometry, showed that the WT line expressed Trk at 4.3+0.15 (n=6) fold higher than for parental PC12 cells. Figure 2a) . Importantly, the basal activity of the Trk mutants is almost undetectable compared with the WT line (Figure 2a ). Of the four Trk def clonal lines selected, three expressed Trk def at levels comparable or slightly higher than the WT line (data not shown), and one expressed Trk def at levels lower than the WT line ( Figure 2a) . Similarly, of the ®ve Trk def +PI 3-kinase clonal lines selected, all expressed at levels several fold lower than the WT line (Figure 2a) . Quanti®cation by densitometry, showed that expression levels of mutant Trk in clonal lines 1, 2 and 3, were approximately 2.4+0.05 (n=3), 2.86+0.13 (n=3) and 2.75+0.13 (n=3) fold higher than for parental PC12 cells, respectively. We have recently shown, that there is a biological correlation between the levels of expression of Trk mutants and NGF responsiveness. Indeed, when expression levels exceed that of the WT line by ®vefold or more, neurite outgrowth in response to NGF is enhanced and accelerated (Cunningham et al., 1997 Previous studies have shown that upon NGF stimulation, Trk autophosphorylation of Y785 and Y490 is required for subsequent association and tyrosine phosphorylation of PLC-gl and SHC Obermeier et al., 1994 Obermeier et al., , 1993 Stephens et al., 1994) . To con®rm that Trk def or Trk def +PI 3-kinase were unable to associate with direct targets of Trk, we assessed the tyrosine phosphorylation and association of PLC-gl and SHC with Trk def or Trk def +PI 3-kinase. As shown in Figure 2b (upper panel), PLC-gl associates with NGF-stimulated Trk (WT), and undergoes tyrosine phosphorylation upon activation. However, Trk def or Trk def +PI 3-kinase fail to activate or directly associate with PLC-gl (Figure 2b ), although both receptors are tyrosine phosphorylated in response to NGF ( Figure 2a ). As previously shown for mutants of Trk , the tyrosine to phenylalanine point mutation at Y785 in Trk def and Trk def +PI 3-kinase is sucient to prevent NGF-mediated association and tyrosine phosphorylation of PLC-gl. Similarly, SHC has been shown to rapidly associate with NGFstimulated Trk (PC12 cells), where all forms (SHC p46, p52, p66) undergo tyrosine phosphorylation . Furthermore, SHC p66 undergoes an electromobility shift upon NGF stimulation and appears as a 68 kDa band . The Trk def or Trk def +PI 3-kinase receptors fail to associate with, or activate SHC (data not shown), although both receptors are tyrosine phosphorylated in response to NGF (Figure 2a ). The tyrosine to phenylalanine point mutation at Y490 in Trk def and Trk def +PI 3-kinase is sucient to abolish NGFmediated association and tyrosine phosphorylation of SHC.
Analysis of SNT phosphorylation in PC12nnr5 cells expressing Trk def and Trk def +PI 3-kinase
The SNT protein is tyrosine phosphorylated in response to NGF or FGF treatment of PC12 cells (Rabin et al., 1993) . However, the mitogens insulin or EGF are unable to activate SNT. Previous studies have shown that the KFG site (residues 441 ± 443) within the juxtamembrane region of Trk is important for NGFmediated SNT phosphorylation and for mediating somatic hypertrophy, neurite initiation, and cessation of cell proliferation in response to NGF (Peng et al., 1995) . We note that FRS-2, which was described as being identical to SNT (Kouhara et al., 1997) , has quite dierent biochemical properties to SNT. Tyrosine phosphorylated SNT is localized to the nucleus and does not bind Grb-2, while FRS-2 is membrane-bound and binds Grb-2 (Rabin et al., 1993; Kouhara et al., 1997; Michaud, Copeland and Kaplan, unpublished suc-1 agarose beads and analysed by Western blot for tyrosine phosphorylation. As shown previously (Peng et al., 1995) , Trk was able to mediate NGF-induced tyrosine phosphorylation of SNT, which has an apparent molecular weight of approximately 90 kDa (Figure 2c ). Both Trk def and Trk def +PI 3-kinase had a very limited ability to mediate tyrosine phosphorylation of SNT in response to NGF, and this was greatly impaired compared to the WT control. We cannot rule out the possibility that the weak tyrosine phosphorylation of SNT mediated by Trk def and Trk def +PI 3-kinase, may re¯ect receptor expression levels since we have previously observed that Trk mutated at KFG will induce tyrosine phosphorylation of SNT when overexpressed. Alternatively, other novel mechanisms may mediate this phosphorylation. For example, it has recently been shown that phosphotyrosines within the Trk kinase domain interact with two novel Trk substrates, rAPS and SH2-B (Qian et al., 1998) . rAPS and SH2-B have been shown to bind Grb2 and mediate The cell lines indicated were treated as described in a, and immunoprecipitated with antibodies to PLC-g1. Western blots were analysed for tyrosine phosphorylation (upper panel) and PLC-gl protein levels (lower panel). (c) The cell lines indicated were treated as described in a, and immunoprecipitated with p13 suc-1 agarose beads. Western blots were analysed for tyrosine phosphorylation of SNT morphological dierentiation of PC12 cells. It remains unclear however, whether rAPS or SH2-B interact with other known Trk targets such as SNT.
PI 3-kinase associates with Trk def +PI 3-kinase and is activated upon NGF stimulation in vitro and in vivo PI 3-kinase is activated in response to a number of growth factor stimuli including NGF (Carter and Downes, 1992; Raoni and Bradshaw, 1992; Solto et al., 1992) . Trk is believed to mediate its activation via the Y490 SHC site, since mutational analysis at this site completely abolishes NGF-induced PI 3-kinase activity in vitro and in vivo (Baxter et al., 1995; this report) . Furthermore, it has been shown that the Grb2-associated binder-1 protein (Gab-1) mediates PI 3-kinase activation by NGF and has been proposed to be involved in recruiting PI 3-kinase to Trk possibly via Grb2. The PI 3-kinase consensus binding site YxxM, present in the PDGFb receptor at Y751, has been shown to readily associate with the p85 PI 3-kinase subunit and activate PI 3-kinase (Toker and . To con®rm that PI 3-kinase associates with Trk def +PI 3-kinase and is activated in response to NGF stimulation, we ®rst carried out an in vitro association and PI 3-kinase assay using recombinant baculovirus produced Trk and Trk def +PI 3-kinase proteins. Trk def +PI 3-kinase, unlike Trk, was able to associate with ( Figure 3a ) and activate PI 3-kinase in vitro (Figure 3b ). Secondly, PC12 cells and PC12nnr5 cells expressing Trk def or Trk def +PI 3-kinase were stimulated with NGF for 5 min, lysed, and either immunoprecipitated with anti-Trk and analysed by Western blot for PI 3-kinase association (Figure 4a ), or immunoprecipitated with anti-phosphotyrosine and exposed to phosphoinositol in vitro (Figure 4b ). Phospholipids were extracted and separated by TLC, as outlined in the Materials and methods. As shown in Figure 4a , PI 3-kinase did not associate directly with wild-type Trk (PC12 control), but was activated in response to NGF treatment of PC 12 cells (Figure 4b ). We have shown previously that PI 3-kinase will only associate with Trk when Trk is greatly overexpressed (Solto et al., 1992) . PI 3-kinase was unable to associate with Trk def (Figure 4a ) and was not activated in response to NGF stimulation (Figure 4b ). Importantly, PI 3-kinase (p85) associated with the Trk def +PI 3-kinase (Figures 3a and 4a ) and was activated in response to NGF (Figures 3b and 4b) . Furthermore, activation of PI 3-kinase by Trk def +PI 3-kinase, was completely blocked in vitro by the PI 3-kinase inhibitor, wortmannin (Figure 4b ). Interestingly, PI 3-kinase association and activation occurred in direct parallel to NGF-induced tyrosine phosphorylation of Trk def +PI 3-kinase which was detectable for up to 24 h (data not shown).
Analysis of pholpholipid production in vivo showed that Trk def +PI 3-kinase was able to mediate production of PI 3-,4-P 2 and PI 3-,4,5-P 3 upon NGF stimulation to levels comparable to that seen for wild-type Trk (Figure 5 ), although RasGTP was only slightly increased (Hallberg et al., 1998) . Trk def , Y490F-Trk (-SHC), and Y490F/Y785F-Trk (-SHC/-PLCgl), were unable to mediate the production of PI 3-,4-P 2 and PI 3-4,5-P 3 upon NGF stimulation. Basal, unstimulated lipid levels in the range of 900 ± 1600 c.p.m. were obtained for each cell line and subtracted from each measurement. EGF-stimulated lipid levels were used as a control for each cell line and were in the range 23 000 ± 35 000 c.p.m. for PI-3,4,-P 2 and 26 000 ± 37 000 c.p.m. for PI-3,4,5-P 3 . NGFinduced production of PI-3,4,-P 2 and PI-3,4,5-P 3 levels were represented as a percentage of control stimulation with EGF ( Figure 5 ). It can be concluded from this data that the PI 3-kinase consensus binding site present in Trk def +PI 3-kinase is biochemically functional, and not only serves a functional docking site for PI 3-kinase, but mediates its activation in an NGF-inducible manner. Figure 6a ). NGF-induced activation of MAP kinase is mediated by both the SHC and PLC-gl sites on Trk (Stephens et al., +PI 3-kinase, Y490F (SHC7), Y785F (PLC-g17), and Y490F/ Y785F (SHC7/PLC-gl7). All cell lines were stimulated with NGF and EGF (control). Basal, unstimulated lipid levels obtained for each line were in the range 900 ± 1600 c.p.m. and were subtracted from each measurement. Lipid levels were also expressed as a percentage of the level achieved with EGF treatment (value above each column). For all lines, EGF stimulated lipid levels were in the range 23 000 ± 35000 c.p.m. for PI(3,4)P 2 and 26 000 ± 37 000 c.p.m. for PI(3,4,5)P 3 1994). As described above, both Trk def and Trk def +PI 3-kinase were unable to associate with or induce the direct tyrosine phosphorylation site of SHC or PLC-gl. However, Trk def +PI 3-kinase mediated a very weak, but transient tyrosine phosphorylation of MAP kinase which was detectable for at least 1 h (Figure 6b ). The Trk def receptor was unable to mediate MAP kinase tyrosine phosphorylation upon NGF stimulation (Figure 6b ) even if prolonged stimulation was carried out (data not shown). NGF usually mediates a sustained activation of MAP kinase which has been described to be important for mediating neuronal outgrowth processes. It is particularly interesting that even without the recruitment of SHC or PLC-gl, the recruitment of PI 3-kinase directly to the Trk def +PI 3-kinase receptor induced this weak and transient activation of MAP kinase in the absence of Ras activation (Hallberg et al., 1998) . We have previously shown that MAP kinase can be suciently activated independently of Ras activity through the activation of PLC-gl Hallberg et al., 1998) . Although PLC-gl is not directly recruited to Trk def +PI 3-kinase we cannot rule out the exciting possibility that novel, yet unidenti®ed mediators of this pathway may be responsible for, or potentially contribute to this eect. It is unlikely however, that rAPS or SH2-B would be involved here, since these have been shown to function upstream of Ras in activating Erk (Qian et al., 1998) .
Analysis of MAP kinase activity in cells expressing

Trk def +PI 3-kinase mediates Akt activation
To assess direct targets of PI 3-kinase activation, we investigated the ability of the serine-threonine kinase, Akt to phosphorylate histone H2B as we have previously described . NGF has recently been shown to activate Akt (PKB a, b, and g) in PC12 cells (Andjelkovic et al., 1998) . PC12 cells and PC12nnr5 cells expressing either Trk def or Trk def +PI 3-kinase were serum starved overnight and stimulated with NGF as mentioned above. Cell lysates were immunoprecipitated with anti-Akt and an in vitro kinase assay was performed. In agreement with a previous report (Park et al., 1996) , Akt was activated (Figure 7 ). This data indicates that the NGF-induced PI 3-kinase activity mediated by Trk or Trk def +PI 3-kinase is sucient to activate Akt, previously shown to be a direct downstream target of PI 3-kinase (Franke et al., 1997a (Franke et al., ,b, 1995 , and con®rms that the PI 3-kinase addback site within the Trk def receptor context can mediate the activation of a signaling protein that is regulated by PI 3-kinase-generated second messengers.
Neurite outgrowth in response to NGF
To investigate whether the Trk def +PI 3-kinase receptor is able to contribute to neuronal dierentiation processes, we assessed neurite outgrowth in response to NGF. Cells were plated in 1.5% serum supplemented with or without 100 ng/ml NGF and assessed over a period of 4 ± 10 days. The Trk def +PI 3-kinase receptor mediates very short, unstable processes with visible growth cones in response to NGF (Table 1) . In immunohistochemical studies, these processes stained positive for both actin and tubulin, indicating that they were authentic neurites (data not shown). The Trk def was unable to mediate any signi®cant neurite outgrowth in response to NGF (Table 1 ). This data suggests that although the NGF-induced PI 3-kinase activity may contribute in part to neuronal initiation processes as previously shown (Kobayashi et al., 1997) , other signaling pathways are required for sucient outgrowth and stabilization of neurite formation. 3-kinase were washed and plated into serum-free RPMI-1640 medium supplemented with or without NGF for a period of 6 days as described in the Materials and methods section. Cell viability was determined at day 6 using a MTT assay, and was represented as a percentage of the original value (average of triplicate wells) obtained a day zero, for each experiment. A total of three independent experiments were averaged (Figure 8 ). In agreement with others (Greene, 1978) , Trk mediated NGFdependent survival over a 6 day period, where cell numbers were maintained at approximately 85 ± 100% for PC12 cells, and PC12nnr5 cells expressing Trk, respectively (Figure 8 ). The Trk def receptor was unable to signi®cantly mediate NGF-dependent survival, although a minimal survival response was observed. The Trk def +PI 3-kinase receptor however, appeared to maintain cellular viability at levels comparable to that maintained by wild-type Trk in response to NGF (Figure 8 ) and indicates the importance of the PI 3-kinase pathway for NGF-dependent survival. This has been shown in recent studies using over expression of activated forms of PI 3-kinase and Akt in sympathetic neurons (Crowder and Freeman, 1998) . Interestingly, we also observed that the selective PI 3-kinase inhibitor, LY294002, in agreement with others (Yao and Cooper, 1995) , completely abolished NGFdependent survival of PC12 cells and PC12nnr5 cells expressing Trk def +PI 3-kinase, and enhanced cell death. The percentage viability of cells maintained in NGF (100 ng/ml) decreased from 97% and 92% to 23% and 28% respectively in the presence of LY294002 (20 mM) at 48 h (data not shown). Finally, we were interested in assessing if the weak, transient activation of MAP kinase mediated by Trk def +PI 3-kinase (Figure 6b ), was sucient to mediate the survival and neurite initiation functions observed. In a parallel experiment performed with the PI 3-kinase inhibitor described above, we observed that the +PI 3-kinase (clones 1 and 2) were stimulated with NGF (100 ng/ml). Lysates were immunoprecipitated with anti-Akt-CT antibodies. Immunoprecipitates were exposed to histone H2B in an in vitro kinase assay, as previously described (unstimulated 33% to 18%), and did not appear to markedly eect the initiation of the neuritites observed. Taken together, this data suggests that selective activation of the PI 3-kinase kinase signaling pathway in an NGF-inducible manner is able to primarily mediate survival function and contribute, at least in part, to the initiation of neurite outgrowth.
Discussion
The aim of this study was to establish a system whereby an endogenous intracellular signaling molecule such as PI 3-kinase could be activated in a selective and inducable manner, in order to examine its contribution to biological and biochemical responses of cells to growth factors. Previous studies on the function of PI 3-kinase in neural cell lines and neurons have relied on the use of non-speci®c pharmacological inhibitors, receptors that were not normally expressed in these cells, and constitutively activated PI 3-kinase mutants (see above). Our ®rst step was to generate the Trk def receptor, which was defective in activating or inducing the tyrosine phosphorylation of any of the known major Trk targets (SHC, PLC-gl, Erk, PI 3-K, and SNT), and was unable to eectively mediate neurite outgrowth or survival processes in response to NGF when stably expressed in PC12nnr5 cells. To the Trk def we added back a PI 3-kinase consensus binding site, YVPM, and generated the Trk def +PI 3-kinase addback receptor. Upon NGF stimulation, this receptor was able to rapidly associate with, and activate PI 3-kinase. Although Trk def +PI 3-kinase was unable to eectively mediate neurite outgrowth, it was able to contribute to survival processes.
The Trk receptor is particularly suited to selectively analysing signaling protein function. Unlike many other RTK's Trk contains only two major tyrosine phosphorylation sites (Y490 and Y785) outside the kinase domain that are required for the speci®c interaction with signaling molecules. One other site, KFG, mediates SNT tyrosine phosphorylation. Our results show that mutation of Y490, Y785, and deletion of KFG renders Trk extremely defective for biochemical and biological responses to NGF. This is in contrast to the other major receptor addback, generated from the PDGFb receptor (Valius and Kazlauskas, 1993) , which still encodes tyrosines capable of interacting with signaling proteins, or that can compensate for the loss of a crucial tyrosine. A second weakness of the PDGFb receptor system is the presence of the Src family association sites, which cannot be eliminated without a loss of receptor kinase activity (Fanger et al., 1997) . Trk also has the advantage that it will tolerate the addition of any four amino acid SH2 binding motif within a ten amino acid cassette into the kinase insert region. We have also created Trk def addback receptors that will selectively bind to Src family members, SHP-2, and Grb-2, and have generated PC12nnr5 lines stably expressing these molecules (Ashcroft, Stephens and Kaplan, unpublished) . In the case of Trk def +PI 3-kinase, the levels of PI 3-kinase activity generated in vivo and in vitro very closely approximated to the levels generated by wildtype Trk. This is an advantage with regard to constitutively activated PI 3-kinase mutants, which generate at least 50% more PI-3,4,5-trisphosphate than is observed in NGF-treated wild-type PC12 cells (Kobayashi et al., 1997) . Biological responses to Trk are very sensitive to receptor expression levels, in that overexpressed receptor mutants in PC12 cells can sometimes mask defects in biological phenotypes (Cunningham et al., 1997) . We are currently constructing Tet-regulated Trk def in adenovirus vectors so that the precise levels of Trk def expression can be titrated according to endogenous Trk.
The role of endogenous PI 3-kinase activity in PC12 cells
Our results suggest that the biological potential of NGF-stimulated PI 3-kinase activity in PC12 cells is to mediate cell survival and to elicit the initiation of neurite outgrowth. These results are consistent with those of Yao and Cooper (1995) , who demonstrated a survival function for PI 3-kinase. However, their results ruled out a role for PI 3-kinase in neurogenesis. In contrast, three other reports have demonstrated a role for PI 3-kinase in regulating either neurite initiation or elongation (Jackson et al., 1996; Kimura et al., 1994; Kobayashi et al., 1997) . However, Kimura et al. (1994) did not observe a survival function for PI 3-kinase. Our data, supports the results of Jackson et al. (1996) , obtained with wortmannin, and of Kobayashi et al. (1997) , obtained with constitutively activated p110 PI 3-kinase, that PI 3-kinase has a role in neurite initiation. Conclusively, our ®ndings implicate that NGF mediated stimulation of endogenous PI 3-kinase activity, is sucient to mediate two processes, cell survival and incomplete neuritogenesis in PC12 cells.
How does PI 3-kinase induce both cell survival and neurite initiation? We have previously shown that Akt is a direct target of PI 3-kinase activity and can be activated by binding to PI 3-,4-P 2 (Franke et al., 1997a (Franke et al., ,b, 1995 . We and others have also demonstrated that Akt is necessary or sucient to mediate IGF-1 or IL-3 dependent survival in cerebellar granule cells, myc-immortalized ®broblasts, and myeloid cells (Downward, 1995; Dudek et al., 1997; KaumannZeh et al., 1997; Kennedy et al., 1997; Miller et al., 1997; Philpott et al., 1997; Songyang, 1997) . Akt is also activated by the Trk def +PI 3-kinase addback receptor (Figure 7) , and expression of activated Akt in sympathetic neurons is sucient to mediate NGFindependent survival (Crowder and Freeman, 1998) . It is therefore likely that Akt through the direct activation of PI 3-kinase by Trk def +PI 3-kinase mediates its survival eects. In PC12 cells, Akt and PI 3-kinase are regulated through the Y490 SHC association site on Trk (Hallberg et al., 1998; Figure 5 ). However, mutation at this site in Trk does not markedly impair NGF-dependent survival (Ashcroft, Stephens and Kaplan, unpublished) . Therefore, other signaling proteins, particularly those regulated by PLCgl and subsequently MAP kinase , may collaborate with PI 3-kinase and/or Akt to mediate cell survival.
The identity of the signaling protein(s) responsible for mediating the neurite initiation responses of Trk def +PI 3-kinase which are downstream of PI 3-kinase is less clear. None of the major targets of cellular PI 3-kinase activity, including Akt, p70S6K, GSK3, PDK1 and 2, adaptin, Grp-1, or the PKC isoforms e, l, Z have been shown to have a role in NGF-induced neuritogenesis in PC12 cells, although PKC-e is involved in neuroblastoma cell neurite outgrowth (Fagerstrom et al., 1996) . It is therefore likely, that PI 3-kinase activity together with the limited SNT tyrosine phosphorylation mediated by Trk def +PI 3-kinase may be sucient to initiate inecient neurogenesis. However, since the Trk def +PI 3-kinase is unable to provide sustained signaling from other pathways, such as the Ras/MAP kinase pathway, neurite outgrowth and dierentiation is not maintained. The Trk def +PI 3-kinase system should prove useful for eventually identifying the components responsible for neurite growth in both PC12 cells and neurons.
Mechanisms activating PI 3-kinase
In wild-type PC12 cells, PI 3-kinase activity is regulated primarily through the SHC site on Trk (Baxter et al., 1995; Hallberg et al., 1998) , and through subsequent binding of PI 3-kinase to Gab-1 (HolgadoMadruga et al., 1997) . In Trk def +PI 3-kinase-expressing PC12nnr5 cells, PI 3-kinase is activated independently of the direct activation of any of the known Trk signaling proteins, including Ras (Hallberg et al., 1998) . Here we show that PI 3-kinase can be suciently activated independently of SHC and Ras, if provided with a speci®c docking site on Trk itself. In NGF-treated PC12 cells, Ras activation has been shown to be important for PI 3-kinase activation (Rodriguez-Viciana et al., 1994 . However, our results indicate that the direct activation of PI 3-kinase in this system is not dependent upon the presence of elevated Ras activity (Hallberg et al., 1998) , and although appears sucient to mediate competent survival processes, is unable to mediate eective neurogenesis. We hypothesize that PI 3-kinase, through the SHC site on Trk and via binding to Ras, may participate in initiating neurite outgrowth and cell survival, which is subsequently completed and maintained by proteins of the Ras/PLC-gl pathways .
Materials and methods
Construction of Trk mutant cDNAs
The human trk def cDNA encoding the triple mutation DKFG/ Y490F/Y785F was generated by replacing the StyI fragment (bases 1 ± 1560) in the trk cDNA encoding the Y490F/Y785F double mutant with the equivalent fragment from the trk cDNA encoding the DKFG (Peng et al., 1995) . Sequencing analysis was performed to con®rm that all three mutations were present. The human trk def +PI 3-K cDNA was generated by site-directed mutagenesis of human trk cDNA at residue L605 using the oligonucleotide primer: 5'-GCC AAG CTG CTG CTG GAT GAG AGT GTT GAT TAC GTT CCA ATG TTG GAT GCT GGT GGG GAG-3'. Sequencing analysis was performed to isolate clones containing the insert, and a Bpu1102I ± BglII fragment from the resulting construct containing the consensus site was inserted into the trk def cDNA. The trk def and trk def +PI 3-K cDNAs were subcloned into the retroviral vector pLCNX (Miller and Rosman, 1989) and used to transfect PC12nnr5 cells (Loeb et al., 1991) as described elsewhere . Resistant clones were selected with G418 at 400 mg/ml during the ®rst week and at 200 mg/ml thereafter. Additionally, the trk def and trk def +PI 3-K cDNAs were subcloned into the baculovirus transfer vector, pAcC4 for expression in Sf9 cells (Summers and Smith, 1987) .
Cell culture PC12 cells were maintained in Dulbecco's modi®ed Eagle's medium (DMEM) containing 10% heat-inactivated horse serum and 5% calf serum. PC12nnr5 cells and PC12nnr5 cells expressing Trk mutants were plated onto collagen coated tissue culture dishes and maintained in RPMI-1640 medium containing 10% heat-inactivated horse serum and 5% calf serum . To assay neurite outgrowth, cells were plated at 0.5610 5 cells/cm 2 and maintained in RPMI-1640 containing 1% heat-inactivated horse serum and 0.5% calf serum supplemented with or without 100 ng/ml NGF. To assay cell survival, cells were washed three to four times with serum-free RPMI-1640 medium, detached by repeated titration and washed again in serum free medium. Cells were centrifuged and plated into 24-well (16 mm diameter) collagen coated tissue culture dishes (at approximately 0.5610 5 cells/well) containing serum-free RPMI-1640 medium supplemented with or without 100 ng/ml NGF at days zero, two and four . Cell viability was determined at day zero (at least 4 ± 8 h after plating) and at day six (for triplicate wells), using an MTT cell proliferation assay as outlined by the manufacturer (Boehringer Mannheim, Indianapolis, IN, USA). For each experiment, the proportion of viable cells at day six was represented as a percentage of the original number plated.
Antibodies, immunoprecipitation and immunoblotting
Lysis of cells and immunoprecipitations were carried out as detailed elsewhere . All immunoprecipitates were washed using lysis buer without protease inhibitors present unless otherwise stated. Anti-Trk 203 was described previously (Hempstead et al., 1992) . The anti-Ptyr monoclonal antibody 4G10 was provided by DK Morrison (NCI-FCRDC, MD, USA). Antibodies to SHC, PI 3-kinase and PLC-gl were obtained from UBI, NY, USA. The Erk-1 polyclonal antibody was obtained from Santa Cruz Biotech Inc., CA, USA. The SNT protein was isolated from cell lysates using p13 suc-1 agarose beads as described previously (Rabin et al., 1993) . Human recombinant NGF (2.5S) was obtained from UBI. NY. The Akt antibody (Akt-CT) was generated and used as described .
Baculovirus Trk in vitro association assays
To assess the ability of Trk or Trk def +PI 3-kinase to bind substrates, Sf9 cells (2610 6 ) infected with Trk or Trk def +PI 3-kinase recombinant baculovirus (at an MOI of 10), were harvested and lysed in 700 ml of 1% Nonident P-40 (NP-40) lysis buer (20 mM Tris pH 8.0, 137 mM NaCl, 0.5 mM EDTA, 10% glycerol) containing, 1 mM phenylmethylsulphonyl¯uoride (PMSF), 0.15 U/ml aprotinin, 20 mM leupeptin, 1 mM sodium orthovanadate) at 48C for 20 min. Trk proteins were immunoprecipitated with anti-Trk 203 and immunoprecipitates were washed once in lysis buer containing 0.1% SDS and 1% deoxycholate (RIPA), twice with 0.5 N LiCl, 50 mM Tris (pH 7.4) containing 0.5% Triton X-100, and once with water. Samples were incubated in 50 ml freshly prepared kinase buer (30 mM Tris (pH 7.4), 10 mM MnCl 2 , 1 mM ATP, 500 mM sodium orthovanadate) for 30 min at RT, to activate intrinsic receptor kinase activity and immunoprecipitates were washed three times with NP-40 lysis buer. Activated Trk was incubated with 5 mg of an adult mouse brain solubilized in 1.5 ml NP-40 lysis buer for a further 3 h at 48C. Proteins were washed three times in NP-40 lysis buer, and once with water before subjecting to an in vitro protein kinase assay or Western blot analysis to assess associated proteins.
In vitro kinase assays PI 3-kinase activity was determined by minor modi®cation to prior methods (Whitman et al., 1985) . For assaying Sf9 cells expressing Trk or Trk def +PI 3-kinase, cells were lysed and immunoprecipitated with anti-Trk. Intrinsic receptor kinase activity was activated in vitro and immunoprecipitates were exposed to adult mouse brain as described above. Alternatively, PC12 cells and PC12nnr5 cells expressing Trk def or Trk def +PI 3-kinase were treated with 100 ng/ml NGF at 378C for 5 min. Cells were lysed in NP40 lysis buer and samples were incubated with antiphosphotyrosine-agarose beads for 2 h at 48C (Peng et al., 1995) . All immunoprecipitates were washed three times with 30 mM HEPES (pH 7.4) containing 0.5% Triton X-100, then incubated in 50 ml of assay buer containing 0.2 mg/ml PI, 30 mM HEPES (pH 7.4), 30 mM MgCl 2 , 50 mM ATP, 300 mM adenosine, and 10 mCi [g-32 P]ATP in the presence or absence of wortmannin (at 200 nM in DMSO) for 20 min at room temperature. The reaction was terminated by addition of 100 ml 1 M HCl. Lipids were extracted with 1 : 1 methanol:chloroform solution, separated by thin layer chromatography in a solvent mixture of chloroform/methanol/4M NH 4 OH (9 : 7 : 2), and visualized by autoradiography using Kodak AR ®lm.
To assay for Akt activation, a histone H2B in vitro kinase assay was performed . PC12 cells and PC12nnr5 cells expressing either Trk or Trk def +PI 3-kinase receptors were serum-starved over night, stimulated with NGF and lysed in NP40 lysis buer as described above. Cell lysates were balanced for protein and immunoprecipitated with anti-Akt-CT (1 : 500 dilution). Immunoprecipitates were washed three times with lysis buer, once with water and once with the Akt kinase buer (20 mM HEPES ± NAOH, 10 mM MgCl 2 , 10 mM MnCl 2 , pH 7.4). Kinase assays were carried out in 50 ml Akt kinase buer containing 10 mCi [g-32 P]ATP and histone H2B at a ®nal concentration of 0.5 ± 1 mg per reaction. Samples were incubated for 30 min at RT prior to addition of loading dye. Samples were analysed by SDS ± PAGE (12.5%), blotted and exposed to Kodak AR ®lm over night.
In vivo phospholipid analysis
To assess NGF-induced production of PI-3,4,-P 2 and PI-3,4,5-P 3 , 80% con¯uent PC12nnr5 cells expressing either; human wild-type Trk (WT), Trk def , or Trk def +PI 3-kinase receptors, or the Trk mutants; Y490F (SHC7), Y785F (PLC-gl7), or Y490F/Y785F (SHC7/PLC-gl7) , were incubated overnight in 500 mCi 32 P-orthophosphate (Amersham) in phosphate-free RPMI-1640 medium. Cells were stimulated with NGF or EGF (control) for 5 min at 378C, and lipids were extracted (from stimulated and unstimulated cells), and analysed by HPLC as described previously (Rodriguez-Viciana et al., 1994) .
